Maize (Zea mays L.) is a betaine-accumulating species, but certain maize genotypes lack betaine almost completely; a single recessive gene has been implicated as the cause of this deficiency (D Rhodes, PJ Rich [1988] Plant Physiol 88: 102-108). This study was undertaken to determine whether betaine deficiency in diverse maize germplasm is conditioned by the same genetic locus, and to define the biochemical lesion(s) involved. Complementation tests indicated that all 13 deficient genotypes tested shared a common locus. One maize population (P77) was found to be segregating for betaine deficiency, and true breeding individuals were used to produce related lines with and without betaine. Leaf tissue of both betaine-positive and betaine-deficient lines readily converted supplied betaine aldehyde to betaine, but only the betaine-containing line was able to oxidize supplied choline to betaine. This locates the lesion in betaine-deficient
Osmotic adjustment, which results from the accumulation of solutes within cells, can favor plant growth and survival under dry or saline conditions (reviews: 12, 14, 23) . Betaine (glycinebetaine) accumulation in response to drought or salinity stress is proposed to play an important role in osmotic adjustment in members of the Chenopodiaceae and Gramineae (6, 22) by functioning as a compatible or protective osmolyte in the cytoplasm and/or chloroplast (10, 13, 20) . Considered as a species, maize (Zea mays L.) has a moderate capacity for betaine accumulation, with maximum reported levels in the range 5 to 10 ,umol/g fresh weight (3, 8, (17) (18) (19) .
However, certain maize genotypes lack betaine almost completely; these include sweetcorn (18) several heterotic groups (3), and so represent considerable genetic diversity (5) . Genetic analyses of betaine deficiency in a sweetcorn cross (18) and a Corn Belt dent cross (17) have indicated in both cases that a recessive allele ofa single nuclear gene is responsible. As it has not been established whether betaine deficiency in these and other genotypes is conditioned by the same gene or by distinct genes, one aim of the present research was to resolve this issue. Complementation tests were therefore conducted on sources of betaine deficiency representative of those described previously (3, 19) , together with some novel sources reported here for the first time. Betainedeficient genotypes were also crossed with betaine-positive types to confirm that deficiency is in all cases recessive. In the course of screening public Corn Belt dent germplasm for betaine deficiency, one population (P77) was found to be a mixture of betaine-positive and -deficient plants. This prompted us to develop related lines with and without betaine by selfing homozygous betaine-positive and -deficient individuals. These related lines were used to investigate the metabolic basis of betaine deficiency by comparing their ability to oxidize supplied choline and betaine aldehyde to betaine. The metabolic block was also probed by measuring the endogenous choline and betaine aldehyde pool sizes in various betaine-positive and -deficient genotypes.
MATERIALS AND METHODS Production and Evaluation of Plant Material
The crosses of maize (Zea mays) listed in Tables I and II  were made in the 1988 and 1989 growing seasons Certain populations (including P77, Si, and S2 populations derived from P77 selections, and the progenitors of P77; inbreds B14 and R168) were also evaluated under greenhouse conditions. The original P77 population was grown in the Purdue University Horticulture Department greenhouse under well-irrigated conditions as described previously (17) . Plants 
Extraction and Determination of Betaine
Leaf samples from field or greenhouse plants were extracted in 10 mL methanol, and methanol extracts were phaseseparated with chloroform and water as described previously (17, 19) . After evaporating the aqueous phase to dryness in an air stream, samples were dissolved in 2 mL of water and then processed via Dowex-1 (OH-) and Dowex-50 (H+) ion exchange resins (17, 19) . Betaine in the Dowex-50 eluate was determined either by FAB-MS2 using a 2H9-or 2Hg-'Nglycinebetaine internal standard (3, 17, 19) 
2H3-Betaine Aldehyde Feeding Experiments
Greenhouse-grown plants of betaine-deficient (86W-8152) and betaine-containing (86W-8JS2) selections from population P77 were used. Plants had been previously exposed to salinity stress (150 mm NaCl) as described above, for determination ofbetaine levels at 6 weeks after planting. Following screening of the populations for betaine level, plants were returned to normal irrigation with nutrient medium lacking NaCl (17) for a further 2 weeks. Leaf discs (23 mm diameter) from expanded leaves from five individual plants of each genotype were bulked and vacuum-infiltrated with 1.6 mM 2H3-betaine aldehyde chloride and then incubated for up to 5 h under fluorescent lights (19) . Betaine pools were extracted at various time intervals and purified by ion exchange chromatography as described above. Quantification of 2H3-and 2Ho-betaine was by FAB-MS of n-butyl esters at m/z 177 and 174, respectively, relative to a 2Hg-betaine internal standard atm/z 183 (19) .
[14C]Choline Feeding Experiments
[14C]Choline (55 mCi/mmol) was supplied by Amersham; analyses before and after treatment with alkaline H202 (7) showed that the levels of ['4C]betaine and [14C]betaine aldehyde contaminants were very low (0.08 and 0.21%, respectively). Plants of betaine-deficient and betaine-positive selections from population P77 were used, in addition to plants from CIMMYT Drought Tolerant Population Cycle 3. The latter population, formed from tropical and temperate germplasm from dry areas which performed well under drought, had been shown to contain high levels of betaine. These materials were grown under irrigation in the field at Tlaltizapan, Morelos, Mexico (19°N, 940 m elevation) during the 1988/1989 dry season, and used for experiments at 11 to 15 weeks after planting. Two plants of each genotype were uprooted in the morning and kept with their roots in water until the leaf blades to be labeled were harvested. The blades were cut under water, placed with their bases in 20-mL vials containing 2 ,uCi of [14C]choline in 2 mL of water or 5 mm KCI, and then exposed to full sun for 6 h, replacing the water or KCI solution in the vials as it was drawn down by transpiration. At the end of the experiment, the blades were separated into three parts of equal length; each part was then cut into 1-cm sections and stored in 20 mL methanol at -15°C or below. Tests showed that the basal part retained most of the label; only this part was analyzed further, as follows. Chloroform (0.42 volume) and water (0.08 volume) were added to the methanol containing the leaf tissue, which was then ground with sand. The residue was extracted with a further 10 mL of methanol/chloroform/water (12:5:1, v/v); the extracts were pooled and separated into aqueous and organic phases by adding 0.25 volume ofchloroform and 0.38 volume of water. An aliquot of the aqueous phase was taken for scintillation counting, and the remainder was evaporated to dryness at 50°C in a stream of N2. One-third ofthis aqueous extract was redissolved in water, and fractionated on a two-column series (mixed-bed Dowex-l/Biorex-70, followed by Dowex-50), as described previously (8) . After washing the columns with water, the betaine-containing fraction was eluted from Dowex-50 with 4 N NH40H, and evaporated to dryness in an air stream under an infrared lamp. Aliquots of this fraction were used to determine '4C-incorporation into betaine; analysis by high voltage electrophoresis on ITLC SA plates (Gelman) in 1.5 N formic acid (9) confirmed that the only labeled product present comigrated with betaine.
Measurements of Choline and Betaine Pools by DCI-MS
For the genotypes used for ['4C]choline feeding experiments, the endogenous pools of choline and betaine were estimated by isotope dilution/DCI-MS, using a Finnigan 4000 GC/MS with Incos Data System (San Jose, CA) and a Vacumetrics (Ventura, CA) desorption chemical ionization probe.
The samples (containing 1000 nmol 2Hg-choline and 492 nmol 2Hg-betaine as internal standards) were placed on the rhenium filament wire of the probe from solution (methanol solvent) and evaporated prior to desorption and mass analysis. The sample was desorbed by passing 3 A of current (rise time 7.5 s) through the filament. The reagent gas was isobutane, at an ion source gauge pressure of 0.4 torr. The ion source temperature was maintained at 250°C. Cationic fractions eluted from Dowex-50 (H+) with 2.5 N HCI were evaporated to dryness and the residue was extracted in acetonitrile:methanol (20: 1, v/v). The acetonitrile:methanol extracts (essentially free of inorganic salts) were evaporated to dryness for DCI-MS analysis. Choline was determined directly, and betaine after derivatization to the n-butyl ester. For choline measurements, the mass range scanned was 60 to 180 amu; 2Ho-and 2Hg-choline yield strong signals at m/z 90 and 96, respectively, corresponding to loss of a single methyl group from the quaternary ammonium moiety. Choline was quan- Tabloncillo Sinaloa 31. Plots were sampled at 11 weeks after planting (near anthesis). Thirty-six 2.4-cm discs were harvested from young, fully expanded leaves of each entry under both irrigated and nonirrigated regimes, and stored in 15 mL of methanol. Sample extraction and betaine assay by FAB-MS were as above. Betaine aldehyde was determined by FAB-MS as the di-n-butyl acetal derivative (19) . Values were converted from a leaf area to a fresh weight basis as above.
RESULTS AND DISCUSSION
Crosses between Betaine-Deficient and Betaine-Positive Genotypes
The 13 betaine-deficient types included in this study were crossed to various betaine-positive wild types. The resulting hybrids were all betaine positive (Table I) Table II) . Confirming this, 17 further hybrids produced by crossing the betaine-deficient genotypes to one or more additional betaine-positive types were also found to be betaine-positive (data not shown). These data demonstrate that betaine deficiency is a recessive condition in all 13 genotypes tested, so that complementation tests for allelism can be applied.
Complementation Tests
The 13 betaine-deficient types were intermated such that each was tested directly or indirectly for complementation with all others (Table II) . Thus, F1 hybrids between Al 88 and seven other genotypes including N6 were all betaine deficient, showing that alleles ofthe same gene are involved. The hybrid N6 x H84 was deficient, establishing that the betaine deficiency gene in H84 is also allelic with that of A188. Last, hybrids between H84, 86M-9S2, RSA, and H95 were again deficient, as was H95 x B37, showing that these sources share the same deficiency gene as all the others. Consistent with this, when the betaine-deficient types were crossed in 18 additional combinations, all of the hybrids were betaine deficient (data not shown).
Betaine Deficiency in Population P77
One source of betaine deficiency tested above (86W-9S2) was a selection from a population (P77) which included betaine-positive and -deficient individuals (Table III) . As P77 the resulting S1 populations were evaluated. Individuals (GJ) from these Si populations were further selfed and the resulting S2 populations were evaluated.
b Initial studies on the original population (P77) were performed on mature, expanded (ME) leaves. Following the finding that betaine levels tend to reach their maximum in young, expanding (YE) leaves (18) , all betaine assays of selfed progeny were performed on YE leaves. Betaine quantification was performed by either FAB-MS (FAB) or by the periodide (Per) method, as indicated. in the greenhouse, they were found to be respectively betainedeficient (R168 = 55 ± 5 nmol/g fresh weight; Rl68-Rpid(2) = 89 ± 10 nmol/g fresh weight) and betaine-positive (B14 = 9135 ± 537 nmol/g fresh weight; Bl4-Rp1d(2) = 8176 ± 928 nmol/g fresh weight). Each of these values represents the mean (± standard error) of 5 individuals of each genotype.
This information allows two inferences. First, as P77 is a small population that has been inbred with some selection it is expected to show relatively little genetic variance for most characters and to contain many closely related individuals (1). Second, assuming betaine was an essentially unselected trait, P77 would be expected to show segregation for betaine. The results of selfing selected individuals from the P77 population were consistent with the second inference (Table III) . True breeding betaine-positive and -deficient plants were found, as well as three individuals whose progeny segregated for betaine. Selections from the SI progeny of two true breeding plants, 86W-9 (deficient) and 86W-5 (positive) (Table III) , were themselves selfed and seeds bulked to give the selections denoted 86W-9S2 and 86W-5S2. These showed no obvious differences in morphology or development, consistent with expectations for plants with similar genetic backgrounds. The selections 86W-5S2 and 86W-9S2 have given rise to exclusively betaine-positive and betaine-deficient S3 progeny, respectively (not shown). These selections were used for the [ Table III) were used for the 2H3-betaine aldehyde feeding studies below. These lines, along with betaine-positive and -deficient sweetcorn material (18) , will also be useful in developing a set of near-isogenic inbreds and heterotic hybrids differing in betaine, for evaluation of the physiological and agronomic significance of betaine deficiency.
Oxidation of 2H3-Betaine Aldehyde
Leafdiscs oftypical betaine-positive and deficient selections of P77 grown under salinized greenhouse conditions oxidized 2H3-betaine aldehyde to betaine at similar rates (Table IV) , confirming an earlier result obtained with sweetcorn hybrids (19) . Taking the endogenous (2Ho) betaine content of 10 ,umol/g fresh weight from Table IV , a maximum relative leaf growth rate of 0.15 d-' (4), and assuming that all betaine synthesis occurs in leaf cells (7, 9) , the endogenous rate of betaine synthesis can be estimated at c63 nmol/g.h. The observed rates of2H3-betaine aldehyde oxidation (-120 nmol/ h * g) are therefore clearly adequate to account for endogenous betaine synthesis.
Oxidation of [14C]Choline
Earlier studies failed to demonstrate conversion of supplied choline to betaine by maize leaf tissue (19) . However, the genotypes used were not grown in a stress environment and were quite low in betaine (<2.5 gmol/g fresh weight). Also, the incubation was in relatively low light, whereas it is now clear that choline oxidation is strongly light-dependent, at least in chenopods (2). We therefore grew material at an arid field site (Tlaltizapin, Mexico) and used high light during (Table V) . The experiment was then repeated with expanded leaves from the betaine-positive and -deficient selections. The former produced a significant amount of [14C] betaine, while the latter produced almost none (Table V) . The selections had similar endogenous choline pools (Table V) The above results indicate that betaine-deficient plants are defective in the synthesis of betaine aldehyde from choline. This is strongly supported by analyses of endogenous betaine aldehyde levels in a variety of betaine-positive and -deficient genotypes, drawn from a drought evaluation nursery at Tlaltizap'an (Fig. 1) . In all betaine-deficient plants, betaine aldehyde was essentially undetectable. Among the betaine-containing plants, there was a positive relation between betaine aldehyde pool size and betaine level, which is the predicted behavior for the pool of the intermediate (betaine aldehyde) as flux through the pathway increases.
CONCLUDING DISCUSSION
The complementation tests show that betaine deficiency in a range of maize genotypes is controlled by the same genetic locus. Our data do not show whether all deficient types carry the same allele, although this may well be so for the eleven Corn Belt dents, which are to a greater or lesser extent related (5) . The deficiency alleles from the popcorn "Red South American" and the sweetcorn hybrid 2708 are more likely to be distinct, inasmuch as they come from different gene pools (5) . Whether the alleles involved are identical or not, it is intriguing that betaine deficiency should occur in such diverse maize germplasm, given that deficiency might be expected to impair performance under dry conditions (22, 24) . Some countervailing advantage of deficiency is implied, such as reduced susceptibility to attack by Fusarium graminearum or other fungi for which betaine acts as a growth stimulant (21) .
The results of precursor feeding studies and the analyses of endogenous betaine aldehyde pools establish that betaine deficiency is due to a lesion in the first step of betaine synthesis, thus: (CH3)3+N-CH2-CH2OH -// Choline (CH3)3+N-CH2-CHO --(CH3)3+N-CH2-COOH Betaine Aldehyde Betaine Because betaine synthesis is a major fate of choline in wildtype maize, the observation that there is little choline accumulation in deficient plants implies that choline synthesis is strongly feedback regulated by choline. This genetic evidence supports radiotracer and biochemical evidence for feedback control of the choline pathway from several other species (15, 16) .
The enzyme which catalyzes the first step of betaine synthesis is known in chenopods to be a ferredoxin-dependent choline monooxygenase (2). It is reasonable to suppose that the recessive mutation that produces betaine deficiency is in the structural gene for this enzyme in maize, although it could also be at some regulatory locus. When gene probes for the monooxygenase are available, these possibilities might be distinguished by testing for cosegregation ofbetaine deficiency and a restriction fragment polymorphism carrying the monooxygenase gene.
